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X-ray-induced chemistry modifies biological macro-
molecules structurally and functionally, even at
cryotemperatures. The mechanisms of x-radiation
damage in colored or redox proteins have often been
investigated by combining X-ray crystallography with
in crystallo ultraviolet-visible spectroscopy. Here, we
used Raman microspectrophotometry to follow the
onset of damage in crystalline lysozyme, notably that
of disulfide bond breakage. The dose-dependent
Raman spectra are consistent with a kinetic model
for the rupture of disulfide bonds suggesting the rapid
build up of an anionic radical intermediate. This inter-
mediate may either revert back to the oxidized state
or evolve toward protonated radical species or
cleaved products. The data strongly suggest that
back conversion of the anionic radical is significantly
accelerated by X-rays, revealing an X-ray-induced
‘‘repair’’ mechanism. The possibility of X-ray-induced
chemical repair is an important feature to take into
account when assessing radiation damage in macro-
molecules.
INTRODUCTION
Ionizing radiations damage biological molecules via complex
cascades of chemical reactions. The mechanistic investigation
of damages induced by X-rays at the molecular level is of partic-
ular importance, contributing to the understanding of the
synergy between protein or DNA structure, function, and
dynamics. Biocrystallography recently became a method of
choice to study X-ray-induced damage (see Garman [2010] for
review), after it was discovered that intense synchrotron beams
alter crystalline macromolecules at specific sites even at cryo-
temperatures (Burmeister, 2000; Helliwell, 1988; Ravelli and
McSweeney, 2000; Weik et al., 2000). At such temperatures,
molecular hydrogen has recently been shown to play a key role
in the onset of global damage, originating from organic
compounds present in the irradiated sample (Meents et al.,1410 Structure 18, 1410–1419, November 10, 2010 ª2010 Elsevier L2010). In contrast, specific damages often result from the action
of secondary electrons that are generated in large numbers by
the primary photoelectrons ejected from organic and water
molecules on absorption of X-rays (O’Neill et al., 2002). The
highly mobile secondary electrons migrate over large distances
to protein electrophilic sites (Jones et al., 1987), such as metal
centers, chromophores, sulfur-containing or acidic residues, or
strained ligand moieties. Protonation events may follow,
possibly by tunneling. A careful control of the employed dose
allows a deliberate use of X-rays to structurally explore redox
chemistry (Adam et al., 2009; Adam et al., 2004; Baxter et al.,
2004; Beitlich et al., 2007; Hersleth et al., 2008; Yano et al.,
2005), decipher enzymatic pathways (Berglund et al., 2002; Col-
letier et al., 2008; Schlichting et al., 2000; Sjoblom et al., 2009), or
even solve the phase problem (Ravelli et al., 2003). The role of
holes (sometimes also referred to as ‘‘electron-loss centers’’) in
X-ray-induced chemistry, however, has remained elusive (Jones
et al., 1987).
Monitoring the susceptibility of chemical groups to X-rays
requires suitable metrics that provide zero-dose reference
measurements and precise quantification. Spectroscopic
methods complementary to X-ray diffraction, such as X-ray
absorption spectroscopies (X-ray absorption spectroscopy
[XAS], X-ray absorption near edge spectroscopy [XANES], and
extended X-ray absorption fine structure [EXAFS]), ultraviolet
[UV]-visible absorption/fluorescence microspectrophotometry
or electron paramagnetic resonance (EPR) spectroscopy have
been employed to validate crystallographic structures (Hough
et al., 2008; Utschig et al., 2008), or follow the progress of radi-
ation damage of disulfide bonds (McGeehan et al., 2009; Murray
and Garman, 2002; Weik et al., 2002), selenomethionine side
chains (Holton, 2007), metal centers (Adam et al., 2004; Corbett
et al., 2007; Echalier et al., 2006; Hough et al., 2008; Macedo
et al., 2009; Owen et al., 2009; Sato et al., 2004; Yano et al.,
2005), chromophoric sites (Adam et al., 2009; Kort et al., 2004;
Matsui et al., 2002; Pearson et al., 2007; Takeda et al., 2004),
or other active sites (Dubnovitsky et al., 2005). Recently,
Raman-assisted crystallography was introduced as a mean to
probe specific chemical bonds in biological crystals (Carey,
1999; Carpentier et al., 2007; Katona et al., 2007; McGeehan
et al., 2007; Owen et al., 2009). Taking advantage of the high
protein purity and concentration inherent to the crystalline state,
and thanks to advances in instrumentation, nonresonant Ramantd All rights reserved
Figure 1. Dose-Dependent In Crystallo Raman Spectra of HEWL
Raman spectra before X-ray illumination (zero-dose) and after illumination
(16 MGy, final-dose), are shown in blue and yellow, respectively. Detailed
spectral ranges: (A) disulfide vibration zone; (B) and (C) intermediate and
aromatic vibrations zone; (D) Amide-I zone. The Raman difference spectrum
(black) reveals seven X-ray sensitive vibration modes, numbered 1 to 7, listed
in Table S1. See also Figure S5.
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Raman Crystallography of Protein Disulfide Bondsmicrospectrophotometry was shown to be particularly suitable
to noninvasively monitor structural changes at noncolored sites
(Carey, 1999; Carpentier et al., 2007; Lafaye et al., 2009; McGee-
han et al., 2007).
Cystine-based moieties appear among the chemical groups
most susceptible to X-rays, being disrupted at lower doses
than aspartate, glutamate, tyrosine and methionine amino-acids
(Burmeister, 2000; Helliwell, 1988; Ravelli and McSweeney,
2000; Weik et al., 2000). The X-ray-induced cleavage mecha-
nism of disulfide bonds (S-S bonds) in protein crystals has
been tackled by a number of techniques (Berges et al., 2000;
McGeehan et al., 2009; Murray and Garman, 2002; Weik et al.,
2002) and it has been proposed that on X-ray-induced reduction,
RSSR groups reversibly form anionic radicals RSSR, (Arm-
strong, 1990; Berges et al., 2000; Favaudon et al., 1990;
Houee-Levin, 2002; von Sonntag, 1990), in which the sulfur-
sulfur bond is elongated by 0.7 A˚ (Berges et al., 2000; Weik
et al., 2002). These radicals may spontaneously cleave into thiyl
radicals RS, and thiolate anions RS, or, at acidic pH, undergo
protonation to the sulfenium form RS(SH)R,, giving rise after
cleavage to RS, radicals and RSH thiols (Houee-Levin, 2002).
However, thus far the kinetics of the process has remained
elusive and structural insight into intermediate or product
species has been scarce.
Here we demonstrate that Raman-assisted crystallography
provides an accurate tool for assessing the X-ray-induced S-S
bond cleavage mechanism in crystalline proteins. By combining
in crystallo Raman spectroscopy with crystallography on hen
egg-white lysozyme (HEWL) directly on a synchrotron beamline,
we correlate the dose-dependent decay of the S-S stretching
Raman band (510 cm1) with the analysis of difference electron
density maps. Our results suggest an X-ray-induced repair
mechanism by which anionic RSSR, radical species are effi-
ciently reverted back to their intact oxidized state. Whereas
these radicals can be detected by crystallography, the diffraction
data mostly reveal the build up of downstream protonated and/
or cleaved species characterized by significant conformational
rearrangements.
RESULTS
To precisely follow the progress of X-ray-induced structural
damage on crystalline HEWL, we collected Raman and X-ray
diffraction data in an interleaved manner, using an online Raman
microspectrophotometer designed to be inserted into the mini-
diffractometer of the ESRF ID14-2 beamline (see Figure S1
available online). Nonresonant Raman spectra were recorded
immediately before and after each diffraction data collection,
using 785 nm laser light excitation. In between X-ray data collec-
tions, X-ray burnswere applied to the crystal so as to deliberately
increase the absorbed dose (Figure S2).
In crystallo Raman spectra obtained at zero and 16 MGy
X-ray doses are shown in Figure 1. The high signal/noise ratio
of the spectra originates from the high protein concentration in
the crystal, the low solvent content, and the cryogenic tempera-
ture (100 K). The spectra display a series of bands that, based on
previous assignments (Kudryavtsev et al., 1998; Lord and Yu,
1970), report on vibrational modes associated to disulfide bonds
(500–550 cm1), methionine (725 cm1), acidic (940–980 cm1),Structure 18, 1410–141and aromatic (760 cm1, 1000–1600 cm1) residues, as well as
backbone amide bonds (amide I band at 1650 cm1) (Table S1).
The most striking feature is a strong dose-dependent decay of
the intensity of the 510 cm1 band, characteristic of oxidized di-
sulfide bonds adopting the Gauche Gauche Gauche (GGG)
conformation (Figure 1A; Table S2) (Sugeta et al., 1973; Van
Wart and Scheraga, 1986). This decay suggests a chemical
modification of the corresponding threeGGGS-S bonds of lyso-
zyme (Cys6-Cys127, Cys30-Cys115, Cys64-Cys80). No
evidence for a modification of the 525 cm1 Raman band, previ-
ously assigned to Trans Gauche Gauche (TGG) disulfide bonds
(David et al., 2009; Kudryavtsev et al., 1998) can be noticed,
which suggests either an assignment error for this band, or resis-
tance to radiation of the TGGCys76-Cys94S-S bond. The decay
of the 510 cm1 band is not associated to any significant rise of
a new band throughout the available spectral window
(200-2000 cm1). It is not associated either to any frequency
shift, as it stays centered at 510 cm1. This indicates that S-S
bonds do not undergo any force-field modifications, but are
transformed into other chemical species without footprints in
our Raman spectra.
Contrary to the 510 cm1 band, other features in the dose-
dependent evolution of the Raman spectra are characterized
by band shifts (Figures 1B–D). These band shifts reveal softening
of a number of modes, notably from aromatic residues. Themost
prominent shift concerns the tryptophan C2 =C3 pyrrole stretch-
ing mode, shifting from 1559 cm1 at zero dose to 1557 cm1
at 16 MGy.
There is no significant alteration of the broad amide I band
peaking at 1660 cm1, suggesting that the overall protein
fold is well preserved at 100 K at doses lower than the Garman
limit (3 3 107 Gy; [Owen et al., 2006]) (Figure 1D).
Evaluation of the full series of Raman spectra allows extracting
the intensity decay of the 510 cm1 band as a function of X-ray9, November 10, 2010 ª2010 Elsevier Ltd All rights reserved 1411
Figure 2. Global Disulfide Bond X-Ray Induced Damage, Assessed
by Raman Spectroscopy and Crystallography
The decay of the integrated intensity of the Raman S-S stretching mode at
510 cm1 (black circles) is best described by a bi-exponential model (black
line). Error bars correspond to standard deviations of Raman band integrated
intensities refined by Gaussian deconvolution (see Experimental Procedures).
The relative loss of electron density averaged over the four HEWL S-S bonds is
also shown (yellow circles, yellow line to guide the eye), together with the rela-
tive growth of electron density at modified sulfur positions (blue circles, blue
line to guide the eye).
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Raman Crystallography of Protein Disulfide Bondsdose (Figure 2). This decay clearly suggests a biphasic behavior,
and can be successfully fitted with a bi-exponential function
featuring dose rate constants of 0.62 MGy1 and 0.02 MGy1
(whereas modeling with mono- or stretched-exponential func-
tions give unsatisfactory fits) (Figure S3).
In crystallo Raman data provide accurate views of specific
vibrational features, but these result from the average of all
contributing atoms and bonds over the illuminated crystal
volume. In contrast, diffraction data provide electron density
for individual atoms and bonds in the asymmetric unit (again
averaged over the crystal volume), but with a coarser quantifica-
tion capability. The individual response to X-ray damage of the
four disulfide bonds present in lysozyme can be assessed struc-
turally by inspecting difference electron density maps, as shown
in Figure 3. For all S-S bonds, negative electron density dramat-
ically increases with dose, clearly indicating the development of
structural damage as previously reported in a number of cases
(Borek et al., 2010; Burmeister, 2000; Helliwell, 1988; Ravelli
and McSweeney, 2000; Roberts et al., 2005; Schroder Leiros
et al., 2001; Weik et al., 2000). The obvious structural alteration
of the TGG Cys76-Cys94 disulfide bond, however, is inconsis-
tent with the lack of a significant decay of the 525 cm1 Raman
band, which points at an assignment error for this band (David
et al., 2009; Kudryavtsev et al., 1998) as mentioned above.
This hypothesis is substantiated by the fact that the current
band assignment for S-S bonds originates from calculations or
experimental data that do not incorporate the protein environ-
ment present in lysozyme. We propose that, in this enzyme,
the stretching modes from the four S-S bonds are convoluted
within the 510 cm1 band.
Specific X-ray-inducedmodifications other than those associ-
ated to S-S bonds but typically observed in proteins (Burmeister,
2000; Ravelli and McSweeney, 2000; Weik et al., 2000) are
apparent in the Fourier difference maps, although they are less
prominent (not shown). They mostly involve decarboxylation of
some glutamate residues (Glu7, Glu35), and rearrangements of
methionine side chains (Met12, Met105), consistent with some
of the features observed in the Raman spectra (Figures 1B and
1C; Table S1). No significant structural modification is observed
for aromatic residues, with the noticeable exception of Trp123,
located in the vicinity of the disulfide bridge Cys30-Cys115
(Figure 3 and see below).
A quantitative evaluation of the electron content of negative
difference densities at the four S-S disulfide bonds is reported
in Figure S4, and their average is shown in Figure 2. Because
integrated electron densities typically exhibit large standard
deviations and, most importantly, because zero and low dose
points are not available, these data can not be used to reliably
extract a quantitative decay model. However, all dose-depen-
dent electron densities are consistent with the biphasic behavior
exhibited by the Raman data, highlighting the complementarity
of the two techniques. For three out of the four disulfide bonds
(Cys6-Cys127, Cys30-Cys115, Cys76-Cys94), the negative
electron density is partly counterbalanced by the build up of
positive density, suggesting repositioning of a fraction of the
sulfur atoms. The dependence on X-ray dose of these positive
densities (Figure 2; Figure S4) seems also qualitatively consistent
with a biphasic behavior. However, their electron content is
smaller than that of the negative densities, suggesting that the1412 Structure 18, 1410–1419, November 10, 2010 ª2010 Elsevier LX-ray-induced alteration of disulfide bonds may evolve accord-
ing to different scenarios, some of them leading to disordering
of the sulfur atoms, not visible as positive electron densities.
Such disordering is particularly evident in the case of the
Cys64-Cys80 bond, where no positive density can be observed.
The case of the Cys30-Cys115 bond is particularly interesting
because of its proximity to Trp123. The X-ray data show that
structural rearrangements of the sulfur atoms of this bridge are
accompanied by a motion of the indole ring of Trp123, as well
as the disappearance of a water molecule (Figure 3). Trp123 is
the only tryptophan residue that is observed to be displaced as
a consequence of X-ray damage. Strikingly, the peak position
of the Raman band at 1558 cm1, known to be a marker of
the side chain conformation of tryptophans (Takeuchi, 2003),
shows an X-ray dose dependence similar to that of the negative
electron density on Trp123 (Figure S5). Both exhibit again
a biphasic behavior, with rates qualitatively similar to those
measured for the decay of the 510 cm1 band.
DISCUSSION
Taken together, the crystallographic and Raman data provide
insight into the mechanism of disulfide bond X-ray radiolysis in
proteins.
The essential, most reliable data on which we base our discus-
sion is the biphasic decay of the 510 cm1 Raman band reported
in Figure 2. We exclude that this behavior be due to spatial inho-
mogeneities in the X-ray beam, because the Raman beam cross-
section was much smaller than that of the X-ray beam (see the
Experimental Procedures). Another explanation could stem
from large differences between the individual rates of radiolysis
of the four HEWL disulfide bonds. However, the kinetic traces
extracted from the diffraction data for individual bonds, despite
their nonoptimal quality, indicate that such variations, if present,
are small (Figure S4). Therefore, we propose that the biphasictd All rights reserved
Figure 3. Local Disulfide Bond Damage Assessed by Crystallography
Sequential difference electron density maps (contour level 0.18 e/A˚3, yellow: negative, blue: positive) computed at increasing X-ray doses (a: 2.21 MGy,
b: 3.62 MGy, c: 12.93 MGy, d: 16.45 MGy) for the four HEWL disulfide bonds (I: Cys6-Cys127, II: Cys115-Cys30, III: Cys64-Cys80, IV: Cys76-Cys94), are overlaid
on the initial (nondamaged)model of HEWL. The last column (e) shows refinedmodels of disulfide bond structural changes, overlaid on the initial model. Hydrogen
bond interactions are shown as dashed lines. Relevant distances are shown in black. Figure prepared with PYMOL (DeLano Scientific LLC, Palo Alto, CA). See
also Figure S4 and Table 1.
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Raman Crystallography of Protein Disulfide Bondsbehavior of the 510 cm1 band decay must result from the
reversible build up of one (or several) intermediate state(s) along
the disulfide bond breakage reaction pathway. This reasoning is
consistent with proposals made earlier (Armstrong, 1990;
Berges et al., 2000; Favaudon et al., 1990; Houee-Levin, 2002;
von Sonntag, 1990), which have invoked anionic radical states
as key intermediates in this pathway. The simplest kinetic
scheme that accounts for the Raman data is therefore of the
form:
RSSR%
k1
k1
RSSR/
k2
P;
with the dashed arrow accounting for other possible interme-
diate states along the pathway and P accounting for any down-
stream species generated throughout the process. By fitting this
kinetic model to the biphasic Raman decay at 510 cm1, values
for the different dose rate constants can be extracted (k1 =
0.17 MGy1; k1 = 0.38 MGy
1; k2 = 0.08 MGy
1) as well as
the dose-dependent concentration of the different species, as
reported in Figure S6. Assuming a mechanism described by
Scheme 1, two important observations can be made. First, the
build up of the RSSR, radical state population in the crystal is
relatively fast, reaching a maximum at <5.0 MGy, far below
the Garman limit (Owen et al., 2006). The radical state population
then maintains a pseudo (slowly decaying) steady-state regime.Structure 18, 1410–141Second, individual RSSR, radicals revert back to their oxidized
RSSR state faster than they are produced (i.e., k1 > k1).
Previous investigations by absorption microspectrophotometry
have shown that, on the contrary, themajor fraction of the radical
population does not relax significantly at cryotemperatures in the
absence of X-rays (although a small fraction relaxes with a half
time of 300 s at 100 K) (McGeehan et al., 2009). Therefore, we
conclude that a mechanism of disulfide bond ‘‘repair’’ is facili-
tated by X-rays. As a consequence of this efficient repair
process, the fractional occupancy of the RSSR, species that
accumulate in the crystal does not exceed 25% (Figure S6),
consistent with earlier spectroscopy-based predictions (McGee-
han et al., 2009).
The species developing in the electron difference density
maps of Figure 3, in fact, are unlikely to account predominantly
for RSSR, radicals. First, structural modeling based on differ-
ence refinement shows that most of the sulfur-sulfur distances
in these species (>3 A˚) (Figure 3, right column) are larger than
that expected for the RSSR, radical, predicted to elongate
only by 0.7 A˚ relative to the oxidized bond (Berges et al.,
2000; Weik et al., 2002). Second, the evolution as a function of
dose of the overall positive difference density around each of
the disulfide bonds Cys6-Cys127, Cys30-Cys115, and
Cys64-Cys80 (Figure S4) suggests in all three cases a slow but
steady build up of one structural species (or several species9, November 10, 2010 ª2010 Elsevier Ltd All rights reserved 1413
Table 1. Diffraction Data Reduction and Refinement Statistics
Data set 0.2 MGy 2.1 MGy 3.5 MGy 12.8 MGy 16.7 MGy
Crystallographic data D1 D2 D3 D4 D5
Space group P43212 P43212 P43212 P43212 P43212
Cell dimensions (A˚) a,b = 78.63 a,b = 78.64 a,b = 78.66 a,b = 78.74 a,b = 78.77
c = 37.06 c = 37.07 c = 37.08 c = 37.10 c = 37.11
Observations (n) 337,277 338,897 341,732 321,656 320,783
Resolution (A˚) 1.29 1.29 1.29 1.37 1.37
Redundancya 11.4 (4.6) 11.5 (4.6) 11.6 (4.8) 12.8 (7.7) 12.8 (7.7)
Rsym (%)
a,b 3.9 (28.8) 4.4 (43.7) 4.4 (38.6) 5.7 (53.9) 5.5 (51.8)
I/SigIa 34.4 (4.5) 29.2 (3.0) 29.7 (3.5) 24.9 (3.6) 25.4 (3.7)
Completeness (%)a 98.8 (92.7) 98.8 (93.0) 99.0 (94.2) 99.9 (99.9) 99.9 (99.9)
Mosaicity () 0.21 0.21 0.21 0.21 0.21
Average B-Factor (A˚2) 18.3 18.9 19.1 21.8 22.5
Refinement statistics Refined Not refined Not refined Not refined Refined
Non-H atoms in model 1385 1338
Protein 1114 1173
Water 263 157
Other 8 8
Rwork (%)
c 14.1 14.7
Rfree (%)
c 18.6 19.3
Mean B value (A˚2) 18.7 20.1
RMSD bond lengths (A˚) 0.028 0.029 (0.065e)
RMSD bond angles () 2.24 2.17
Ramachandran statistics (%)d
Favored/allowed/outlier 99.2/0.8/0 99.2/0.8/0
Disulfide bond lengths (A˚)f
Sg(Cys6)-Sg(Cys127) SA[1]SA[1]: 2.01 SA[0.5]SA[0.5]: 1.97
SB[0.25]SB[0.25]: 3.38
Sg(Cys30)-Sg(Cys115) SA[1]SA[1]: 2.06 SA[0.5]SA[0.5]: 2.03
SB[0.25]SB[0.25]: 2.59
SC[0.1]SB[0.25]: 3.15
Sg(Cys64)-Sg(Cys80) SA[1]SA[1]: 2.04 SA[ 0.9]SA[0.75]: 2.02
Sg(Cys76)-Sg(Cys94) SA[1]SA[1]: 2.02 SA[0.6]SA[0.6]: 2.00
SB[0.25]SB[0.3]: 3.39
a Values in parentheses refer to the highest resolution shell.
b Rsym = SjShjIh,j – < Ih > j/SjSh Ih,j.
c Rwork = ShjFobs-Fcalcj/Sh Fobs. Rfree is calculated with 5% of reflections chosen to be part of a test group.
dDetermined by PROCHECK (Laskowski et al., 1993).
e Root mean-square deviation (RMSD) given by Refmac taking into account disrupted disulfide bonds.
f A, B, and C are the different conformations of the cysteine side chains. The occupancies of the corresponding g-sulfur atoms, indicated in brackets,
were adjusted in the refinement by step of 0.05 to minimize the residual peaks on the Fobs-Fcalc map and to satisfy the uniformity of B values.
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Raman Crystallography of Protein Disulfide Bondswith indistinguishable structural signatures at the resolution of
our data). Such slow build up kinetics does not match the pre-
dicted kinetics of the RSSR, species as reported in
Figure S6, which in contrast rapidly reaches a steady state and
slowly decays afterward. Consequently, most of the observed
developing species are likely to be characteristic of disulfide
bonds in states P (Scheme 1). One notable exception may be
seen at disulfide bondCys30-Cys115, where structural modeling
suggests the presence of a subpopulation exhibiting a distance
of 2.6 A˚ between the sulfur atoms of the two cysteines. Interest-1414 Structure 18, 1410–1419, November 10, 2010 ª2010 Elsevier Lingly, in this case, the positive difference density next to atom Sg
of Cys115 stays essentially constant over the dosewindow 3.6 to
16 MGy, consistent with the structural observation of a RSSR,
anionic radical.
Scheme 1 predicts a nearly linear build up of P (Figure S6), but
the positive electron densities observed in three out of the four
disulfide bridges (Figure 2; Figure S4) display a biphasic growth.
To fully account for the kinetics exhibited by both the Raman and
crystallographic data, we invoke a refined kinetic scheme of the
form:td All rights reserved
Figure 4. Sketch of theReversible X-Ray Induced Production of Cys-
tineRadicals
(1) Electrons released by X-ray radiolysis of solvent water molecules reduce
S-S bond into S-S,.
(2) Electron-holes, also resulting from water radiolysis, oxidize back the disul-
fide bond.
(3 and 4) At acidic pH, the anionic disulfide radicals may undergo reversible
and spontaneous protonation into a neutral radical form. Figure prepared
with PYMOL (DeLano Scientific LLC, Palo Alto, CA).
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Raman Crystallography of Protein Disulfide BondsThis scheme originates from previous proposals (Armstrong,
1990; Berges et al., 2000; Favaudon et al., 1990; Houee-Levin,
2002; von Sonntag, 1990), and incorporates the additional
reversible protonation of the anionic RSSR, radical in acidic
conditions, as well as the possibility of cleavage leading to thiyl,
thiol, or thiolate species. Unfortunately, the rate constants in this
scheme are underdetermined with the available data, as only the
oxidized RSSR species provides a detectable Raman signature
and the crystallographic data lack sufficient precision. We
propose that the structural features developing in the positive
difference electron density maps predominantly originate from
sulfenium radicals RSSRH,, as they are known to display very
long S-S distances (3.5 A˚) (Berges et al., 2000), consistent
with our observations (Figure 3e). The build up of protonated
species is corroborated by the formation of weak stabilizing
hydrogen bonds, notably between both atoms Sg of Cys6 and
Cys94 and water molecules, and between Sg of Cys30 and the
carbonyl oxygen of Gly26 (Figure 3). It is possible that RSSRH,
radicals may not build up in the case of the Cys80-Cys64
bond, because of a lack of a proton source. Alternatively, the
absence of positive densities at this bond might result from
destabilization of the radical due to the absence of interactions
with neighboring residues or solvent molecules. The inverted
screw configuration of this disulfide bond (GGG0 conformation)
(see Supplemental Information) may also play a role.
X-ray damage at cryotemperatures proceeds essentially
through secondary damage mediated by free electrons or elec-
tron holes released by water radiolysis. At typical X-ray doses
required to collect a data set on a third generation synchrotron
beamline, much less than one photon per protein molecule is ab-
sorbed (Ravelli and McSweeney, 2000). Therefore, the formation
of disulfide radical anions RSSR, most likely results from the
diffusion of electrons throughout the solvent or along the protein
backbone (Figure 4) (Jones et al., 1987). In such a scenario,
radical repair could possibly be accounted for by the reverse
effect of holes. The efficiency of the repair process might be ex-
plained by the reducing character of the RSSR, radicals
(Houee-Levin, 2002), which easily give away their extra electron
to annihilate holes.
Such repair mechanism is probably not limited to the case of
S-S bonds. We recently discovered that a similar mechanism
occurs in the case of a transient radical ‘‘dark’’ state building
up in the photoactivatable green fluorescent protein IrisFP
(Adam et al., 2009). Furthermore the X-ray-induced biphasic
decay of UV-vis absorption bands observed in some metalloen-Structure 18, 1410–141zymes might also be indicative of repair mechanisms (Adam
et al., 2004). In contrast, breakage of a single carbon-bromine
covalent bond within DNA crystals, monitored by Raman micro-
spectrophotometry with exactly the same setup as the one used
in the present study, displayed a mono-exponential decay
(McGeehan et al., 2007), suggesting the absence of any revers-
ible process in this case.
In conclusion, we have shown that online Raman microspec-
trophotometry brings essential complementary information to
the understanding of X-ray-induced structural changes in
proteins. Even when the quality of the crystallographic data is
high, a reliable evaluation of the kinetics of X-ray-induced chem-
ical modifications based on the evolution of structural changes is
difficult to perform. In contrast, Raman data, notably through the
availability of a zero dose point (not available using diffraction,
although composite data collections can provide low dose
points (Adam et al., 2009; Adam et al., 2004; Beitlich et al.,
2007; Berglund et al., 2002)), open the door to the quantitative
assessment of consistent kinetic models. In the case studied
here, the Raman spectra have suggested the transient build up
of anionic radicals along the X-ray-induced disulfide bond
breakage pathway, which are both produced and back con-
verted by X-rays. These radicals are difficult to identify in differ-
ence electron densitymaps, and only with the input of the Raman
data could a consistent interpretation of the structural features
observed in these maps be made. The present study opens
the door to further mechanistic studies of X-ray-induced radia-
tion damage in proteins, notably to evaluate the effects of cryo-
protectant molecules or other radical quenchers in mediating the
repair mechanism highlighted here, to investigate its tempera-
ture dependence, and finally, to assess its generality and
possible interest for functional studies among various types of
macromolecules, notably redox and light-sensitive proteins.9, November 10, 2010 ª2010 Elsevier Ltd All rights reserved 1415
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Materials
Chicken HEWL was purchased from Sigma and crystallized at 40 mg/mL in
75mMsodium acetate pH 4.6, 1.0M sodium chloride, in 2 + 2 ml hanging drops
using the vapor diffusion method. One crystal was transferred to a cryoprotec-
tant solution consisting of the mother liquor supplemented with glycerol
20% v/v.X-Ray Diffraction and Raman Scattering Data Collection
Structural and spectroscopic features of X-ray-induced damage were alterna-
tively investigated using Raman-assisted crystallography (RaX) on beamline
ID14-EH2 of the European Synchrotron Radiation Facility (ESRF, Grenoble).
The diffraction data were collected at 100 K using an ADSC Q4 CCD detector.
Nonresonant Raman spectra were recorded using the Raman spectrometer
(Renishaw, Gloucestershire, UK) of the Cryobench laboratory (Carpentier
et al., 2007; Royant et al., 2007) that had temporarily been installed immedi-
ately next to the beamline and connected to the excitation/detection probe
placed on the diffractometer via 20 m-long optical fibers. The Raman signal
was excited by a near-infrared 785 nm laser diode. The laser beam was
orthogonal to the direction of X-rays (Figure S1). The size of the X-ray beam
was set to 200 3 200 mm2 to ensure optimal X-irradiation and data collection.
The 50 3 50 3 100 mm3 focal volume of the Raman probing light was accu-
rately positioned at the center of the X-ray beam on the sample to ensure
that no unirradiated part of the crystal was probed by the Raman spectrom-
eter. The experimental procedure allows a single crystal to be alternatively
probed by X-ray crystallography and Raman spectroscopy in an interleaved
manner without any manual intervention on the sample. As crystal orientation
is known to strongly affect the relative band intensities in Raman spectra, e.g.
due to polarization effects, the same spindle axis position was used for all
Raman measurements (Carpentier et al., 2007). Nonresonant Raman data
acquisition with laser irradiation at 785 nm does not result in detectable degra-
dation of the structural and spectroscopic signatures of the samples and can
be considered as a noninvasive technique (Bourgeois et al., 2009).Experimental Protocol
The online RaX experiment consisted of alternations of Raman spectra (Ri) and
X-ray exposure events corresponding to either data collections (Di) or mere
exposures (X-ray burns, Bi) (Figure S2). The data thus consist of five crystallo-
graphic data sets D1 to D5 (180 diffraction patterns of 1
 oscillation, 1 s expo-
sure/pattern) and 10 Raman spectra R1 to R10 (recorded from 450 cm
1 to
1750 cm1 for 900 swith the spindle axis positioned at angleF0 = 0). The accu-
mulation of X-ray dose was essentially provided by the X-ray burns B1 to B5,
which were realized while continuously rotating the crystal.X-Ray Dose Calculation
X-ray doses absorbed by the crystal were calculated using the program RAD-
DOSE (Paithankar and Garman, 2010). Doses absorbed during X-ray data
collections (0.2–0.3 MGy) are at least one order of magnitude smaller than
those absorbed during X-ray burns (2–10 MGy). For both data collection and
burns, the X-ray photon flux was 3.6 3 1010 ph/s and the absorbed X-ray
dose per unit time was 1.4 kGy/s.Raman Scattering Data Processing
In crystallo Raman spectra recorded at increasing doses of X-irradiation were
scaled to each other using the software ScaRam (Carpentier et al., 2007). They
were then processed with the program PEAKFIT 4.12 (Systat Software Inc.,
San Jose, CA) that allows the refinement of both vibration band frequency
and intensity by Gaussian deconvolution with a nonlinear curve-fitting algo-
rithm. The amplitude of the prominent tryptophan side chain vibration band
at 760 cm1 proved to be practically invariant on all spectra. Because no
X-ray-induced damage has been identified to date on tryptophan residues in
proteins, this observation validates the scaling procedure. Difference spectra
calculated between the initial spectrum on the one hand, and every subse-
quent spectrum on the other hand, allowed the precise monitoring of subtle
vibration band position shift or intensity change as a function of X-ray dose.1416 Structure 18, 1410–1419, November 10, 2010 ª2010 Elsevier LFitting of the Dose-Dependent Decay of the S-S Raman Band
Intensity
The dose-dependent integrated intensities of the S-S stretching vibration
mode at 510 cm1 were computed usingGaussian deconvolution of the exper-
imental Raman spectra in the spectral range 500–800 cm1. The integrated
intensities and their standard deviations for the 10 X-ray doses progressively
accumulated in the crystal are reported in Table S3.
The (normalized) decay of the integrated intensity, plotted as a function of
the absorbed dose D in Figure 2, was fitted by mono- or bi-exponential func-
tions using the nonlinear curve fitting tool of the Grace software (Free Software
Foundation, Boston, MA):
IðDÞ= I1expðK1DÞ+ I2expðK2DÞ;
where I1 and I2 are the fractional contributions of each exponential (I1 + I2 = 1,
and I1 = 1; I2 = 0 in the mono-exponential case), and K1 and K2 are the dose
rates. We also attempted to fit the decay with a stretched-exponential func-
tion, often used to account for complex rate distributions associated to protein
dynamics at low temperature:
IðDÞ= I1exp

 ðK1DÞb

;
with I1 = 1 and b, the stretching exponent, expressing the dose rate distribu-
tion. The results of the fits and their statistics are compiled in Table S4.
The quality of fitting can be visually inspected in Figure S3. Clearly, the bi-
exponential model provides the best fitting to the experimental data points,
with the stretched-exponential model lacking accurate fitting at the early
dose points, and the mono-exponential model being completely off target.
To extract the dose rate constants k1, k1, and k2 in the kinetic model of
Scheme 1, the bi-exponential decay I(D) was numerically fitted according to
dIðDÞ
dD
=
d½RSSR
dD
=  k1½RSSR+ k1

RSSR

d

RSSR$

dD
= k1½RSSR  ðk1 + k2Þ

RSSR

d½P
dD
= k2

RSSR

½RSSR+ RSSR+ ½P= 1

RSSR

D= 0
= ½PD=0 = 0:
X-Ray Diffraction Data Processing
Diffraction images were processed using the XDS package (Kabsch, 1993).
Data sets D2 to D5 were scaled to data set D1 with the program SCALEIT
(Collaborative Computational Project, 1994). Diffraction data statistics are
shown in Table 1.
Difference Fourier Electron Density Maps
Because X-ray-induced structural modifications of proteins are localized at
specific regions of the molecule when the absorbed dose is below the Garman
limit (33 107Gy; [Owen et al., 2006]), difference Fourier synthesis is best suited
to highlight the progressive chemical modifications. Four Fourier difference
electron density maps Dri1 were calculated using the program FFT (Collabo-
rative Computational Project, 1994) with coefficients qm(Fobs(i)-Fobs(1))exp
(iFcalc(1)), where q is the weight calculated from the Bayesian statistics-based
‘‘q-weighting’’ procedure (Ursby and Bourgeois, 1997), m is Read’s Figure of
merit (Read, 1986), Fobs(i) is the observed structure factor amplitude of data set
Di (2% i% 5), Fobs(1) is the observed structure factor amplitude from data set
D1 and Fcalc(1) is the calculated phase of the protein’s model refined against
data set D1. Inclusion of weights q and m improved the signal/noise ratio of
Fourier difference maps by taking into account the accuracy of amplitude
measurements and model bias, respectively. A map DrN1 corresponding to
an infinite dose was extrapolated by removing all sulfur atoms in disulfide
bonds of the original structure and provided a scaling reference for map inte-
gration (see below).td All rights reserved
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masks (Bourgeois et al., 2003), which were used to calculate the evolution
with X-ray dose of the integrated difference electron densityR
maskðSSjÞ
Dri1dv. To place the integrated density obtained in this way on an
absolute scale, a scale factor 1=j R
maskðSSjÞ
DrN1dvj was applied so that the
integrated negative electron density peak at the position of each disulfide
bond was equal to 1 in DrN1. The fraction of undamaged disulfide bonds
j in data set Di could thus be estimated by:
f ij = 1+
R
maskðSSjÞ
Dri1dv

R
maskðSSjÞ
DrN1dv

:
One should note thatDri1 are used instead ofDri0 because it is not possible
to have access to the 0-dose electron density r0, i.e., the electron density ob-
tained ‘‘without X-rays.’’ As a consequence, fj
i calculated from the X-ray data
are slightly offset above those calculated with Raman data, and do not
converge to 1 when the dose approaches 0.
Model refinement
The low-dose structure from data setD1was solved bymolecular replacement
using the program MOLREP (Vagin and Teplyakov, 1997) with PDB entry
1BWH as a search model. After manual inspection and corrections in Coot
(Emsley and Cowtan, 2004), solvent molecules were placed automatically by
ARP/wARP (Cohen et al., 2004) and the model was refined using REFMAC
(Murshudov et al., 1997).
To refine a model for the high-dose data set D5, the difference refinement
method was employed with extrapolated structure factors Fobs(1) + aqm
(Fobs(5) – Fobs(1)) (Terwilliger and Berendzen, 1995). No stereo-chemical
restraint was applied on elongated or ruptured disulfide bonds. After inspec-
tion of difference maps, we estimated that the average fraction of relocated di-
sulfide bondswas25% inD5. Thus, we arbitrarily chose a = 4, corresponding
to a structure where all disulfide bonds are fully relocated. The model obtained
was then combined with that of the low-dose data set with adjusted occupan-
cies in a classical refinement procedure against data set D5. Final refinement
statistics for both low-dose and high-dose models are given in Table 1.
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